The BCR-ABL1 fusion gene is the driver oncogene in chronic myeloid leukemia (CML) and Philadelphia-chromosome positive (Ph+) acute lymphoblastic leukemia (ALL). The introduction of tyrosine kinase inhibitors (TKIs) targeting the ABL kinase (such as imatinib) has dramatically improved survival of CML and Ph+ ALL patients. However, primary and acquired resistance to TKIs remains a clinical challenge. Ph+ leukemia patients who achieve a complete cytogenetic (CCR) or deep molecular response (MR) (≥4.5log reduction in BCR-ABL1 transcripts) represent long-term survivors. Thus, the fast and early eradication of leukemic cells predicts MR and is the prime clinical goal for these patients. We show here that the first-in-class inhibitor of the Nedd8-activating enzyme (NAE1) MLN4924 effectively induced caspase-dependent apoptosis in Ph+ leukemia cells, and sensitized leukemic cells for ABL tyrosine kinase inhibitors (TKI) and hydroxyurea (HU). We demonstrate that MLN4924 induced DNA damage in Ph+ leukemia cells by provoking the activation of an intra S-phase checkpoint, which was enhanced by imatinib cotreatment. The combination of MLN4924 and imatinib furthermore triggered a dramatic shift in the expression of MCL1 and NOXA. Our data offers a clear rationale to explore the clinical activity of MLN4924 (alone and in combination with ABL TKI) in Ph+ leukemia patients ARTICLE HISTORY
Introduction
The Philadelphia (Ph) chromosome t(9;22)(q34;q11) translocation is the hallmark genetic aberration in chronic myeloid leukemia (CML) and is the most common cytogenetic aberration in adult lymphoblastic leukemia (ALL) (20-30%) [1] . However, in childhood leukemias, it is an uncommon event (2-5%) [2] . The t(9;22) translocation fuses the ABL1 gene with the BCR gene leading to a constitutively active tyrosine kinase with the capacity to transform hematopoietic cells [3, 4] . There is compelling evidence that this tyrosine kinase activity contributes to leukemogenesis by activation of cytokine signaling and cytokine-independent growth [5] . Historically, the Ph+ acute leukemias represent a group of patients with poor prognosis [6, 7] .
However, the development of imatinib mesylate (STI571/Gleevec™) [8] , which is a specific inhibitor of ABL, c-kit and platelet-derived growth factor receptor (PDGFR) tyrosine kinases, improved treatment outcome in Ph+ acute leukemias. Imatinib monotherapy had modest activity [9, 10] , but incorporation of imatinib into combination chemotherapy regimens dramatically improved relapse-free and overall survival [11, 12] . Despite these advances, a sizeable fraction of patients exhibit primary or acquired imatinib resistance due to BCR-ABL1 upregulation or point mutations that impair drug binding, such as the "gatekeeper" ABL T315I mutation [13] [14] [15] . In addition, patients may develop tyrosine kinase inhibitor (TKI) resistance despite effective inhibition of BCR-ABL1 kinase activity, and several intrinsic and extrinsic mechanisms for this BCR-ABL1 kinase-independent resistance have been described [16] [17] [18] [19] . It has been reported that human leukemia-initiating cells (LIC) are independent of BCR-ABL1 kinase activity for their survival and therefore, do not respond to imatinib which is considered to contribute to TKI resistance [20] .
To overcome imatinib resistance, secondgeneration TKIs (dasatinib, nilotinib and bosutinib), have been developed, but despite their clinical efficacy, were not able to overcome ABL-T315I-induced resistance [21] . Currently, only the third-generation TKI ponatinib is effective against T315I-mutated Ph+ leukemias [22, 23] . CML patients who achieve an early and deep molecular response (MR) upon treatment (>4.5 log reduction in BCR-ABL1-transcripts) have an excellent prognosis and may stay in remission even after discontinuation of treatment [24] . Given the clinical efficacy of imatinib for Ph+ leukemias, it is evident that novel drugs that synergize with imatinib hold great promise by contributing to early MR, and importantly, by diminishing the risk of imatinib resistance. In addition, it is crucial to develop drugs that can eradicate LICs for complete eradication of leukemic cells.
The ubiquitin-proteasome system (UPS) is responsible for the degradation of intracellular proteins and plays a pivotal role in many cellular processes. Targeting the UPS has proven to be a powerful anticancer strategy, e.g. the proteasome inhibitor bortezomib (Velcade™) is approved for the treatment of patients with multiple myeloma (MM) and mantlecell lymphoma (MCL), and has shown its effectiveness in clinical trials [25, 26] . Next to ubiquitination, other post-translational conjugation pathways that regulate protein degradation have been identified, such as Nedd8-conjugation [27] . The ubiquitin-like protein Nedd8 is activated by the Nedd8-activating E1 enzyme (NAE1), transferred to the E2 enzymes UBE2M and UBE2F, and subsequently conjugated to its substrates. Cullin proteins represent the best characterized Nedd8-targets [28] . Cullins are scaffold proteins for cullin-RING E3 ubiquitin ligases (CRL), placing neddylation upstream of cullin-dependent ubiquitination [29] . CRLs target a multitude of different proteins for degradation, among which there are many that regulate the cell-cycle and the DNA damage checkpoints [30] . A small molecule inhibitor of NAE1, MLN4924 (pevonedistat™) was demonstrated to have potent cytotoxic effects against cell lines derived from various tumors [31] . There are several mechanisms that may mediate the cytotoxicity of MLN4924. In cancer cell lines of epithelial origin and in B-cell chronic lymphocytic leukemia (B-CLL), cell death was reported to be related to the accumulation of the replication licensing factor CDT1, resulting in DNA re-replication and the activation of the cellcycle checkpoints [31, 32] . In activated B-cell like (ABC) diffuse large B-cell lymphoma (DLBCL) MLN4924 was shown to be cytotoxic by inhibiting the NF-κB pathway [33] , whereas in MM, its antitumor effect was associated with suppression of AKT and mTOR signaling [34] . In acute myeloid leukemia (AML), MLN4924 induced apoptosis by stabilizing C-MYC, which in turn transactivated NOXA expression [35] . It has been demonstrated that MLN4924 induces apoptosis in ALL cells by inducing endoplasmic reticulum (ER) stress through activation of both mTOR and UPR/eIF2α pathways [36] . Moreover, it has been shown that MLN4924 treatment promotes Ca 2+ influx via the Ca
2+
-release-activated Ca
(CRAC) channel leading to activation of MEK/ERK pathway as a compensatory mechanism for the survival of ALL cells. Using a NOD/scid common gamma chain knockout mice (NSG) xenograft ALL mouse model, it has been shown that co-treatment of these mice with MLN4924 and MEK/ERK inhibitor selumetinib increased the survival and lowered disease burden [37] . Phase I/II studies in selected hematological malignancies showed that MLN4924 was well tolerated and confirmed target specificity, and preliminary data from ongoing clinical trials for AML, MM and myelodysplastic syndrome (MDS) showed modest clinical activity [38, 39] . Cytotoxicity towards several B-cell ALL (B-ALL) and T-cell ALL (T-ALL) cell lines has been described [40] . Here, we show that MLN4924 potently induced apoptosis of Ph+ leukemias by provoking DNA damage and checkpoint activation, and sensitizes Ph+ leukemia cells for ABL TKIs.
Materials and methods

Cell lines, primary patient samples
The Ph+ cell lines BV173, K562, NALM-1, MOLM-6, and KCL22 are derived from CML patients in blast crisis (CML-BC), the SUPB15 and SD1 cell lines are derived from Ph+ B-ALL patients, the P30-OHKUBO cell line is from a Ph-B-ALL (obtained from the Deutsche Sammlung von Mikroorganismen und Zellkulturen; DSMZ, Braunschweig, Germany). The CML-BC cell line KBM5 and the imatinibresistant KBM5-T315I subclone were kind gifts from Dr. Carter and Dr. Andreeff (MD Anderson Cancer Center, Houston, TX). The multiple myeloma (MM) cell lines NCI-H929, ANBL-6, XG-1 and UM-3 used in this study were described earlier [41] . All cell lines were maintained in Iscove's Modified Dulbecco's Medium (IMDM) (Gibco Life Technologies, Bleiswijk, The Netherlands) supplemented with 2 mM L-glutamine, 100 U/ mL penicillin, 100 μg/mL streptomycin and 10% fetal calf serum (FCS). For the MM cell lines ANBL-6, XG-1 and UM-3, medium was supplemented with 0.5 ng/mL recombinant human interleukin-6 (rh IL6) (Prospec, Ness-Ziona, Israel). The KBM5-T315I cell line was kept under continuous 1.0 μM imatinib pressure. The CD34 + fraction (purity >90%, MACS positive selection, Miltenyi Biotec, Bergisch Gladbach, Germany) of peripheral blood mononuclear cells from a previously untreated adult Ph+ B-ALL patient were cultured overnight in supplemented IMDM with 20% FCS, and 10 ng/mL rh IL7, 10 ng/mL rh Stem Cell Factor (SCF), 100 ng/mL rh IL3 and 1 ng/mL rh IL6 (ProSpec, Ness-Ziona, Israel) before inhibitor treatment assay. Informed consent was obtained and studies were approved by the Medical Ethical Committee of our institute, in agreement with Helsinki declaration of 1975, as revised in 1983.
Cell death/apoptosis assays
For each condition, 100,000 cells were cultured in 200 μL medium in triplicate wells in flat-bottom 96-wells plates, and at least 3 independent replicate experiments were performed. Imatinib (STI571, imatinib methanesulfonate, LC Laboratories, Woburn, MA), ponatinib (Selleckchem, Houston, TX) MLN4924 (pevonedistat, MedChem Express, Monmouth Junction, NJ) and hydroxyurea (HU, Sigma Aldrich, St. Louis, MO) were added at the indicated concentrations and time periods. Cell death was assessed by 7-aminoactinomycin D (7-AAD, Affymetrix eBioscience, San Diego, CA) staining and flow-cytometry (FACSCantoII™, BD Biosciences, San Jose, CA), acquiring 100 μL cell suspension/condition. Percent specific cell death was calculated as follows: 100x (% 7-AAD+ cells -% baseline 7-AAD+ cells)/(100% -% baseline 7-AAD+ cells). In some experiments 10 μM Q-VDOPh (APExBIO, Houston, TX) was added.
Immunoblot analysis
Immunoblot analysis of whole cell extracts and nuclear versus cytoplasmic extracts was performed as described previously [42] . The primary antibodies used in this study are listed in Supplementary  Table I (Table SI) .
DNA damage assays
To assess γH2AX foci formation by immunofluorescence microscopy, cells were cytocentrifuged, air-dried and fixed in 4% formaldehyde, followed by autofluorescence quenching in 50 mM NH 4 Cl, permeabilization with 0.2% Triton-X and incubation for 1 hr at room temperature with a mouseanti-γH2AX antibody (JBW301) (EMD Millipore), followed by AlexaFluor-488 conjugated goat-antimouse F(ab') 2 fragments (Invitrogen, Thermo Fisher Scientific), and mounted using Vectashield™ antifade medium (Vectorlabs, Burlingame, CA). Multiple (>6) non-overlapping images were captured with a 40x objective lens on a Leica MD5500 B fluorescence microscope (Leica Microsystems, Wetzlar, Germany). A cutoff of >10 γH2AX foci per nucleus was applied as a marker of (induced) DNA damage. Cells with >10 γH2AX foci were counted manually from at least 6 nonoverlapping images. For intranuclear γH2AX staining and DNA content analysis by flowcytometry, cells were fixed and permeabilized using the Foxp3-staining buffer set (Affymetrix eBioscience) as per manufacturer's instructions. Cells were stained with AlexaFluor-647 conjugated anti-γH2AX antibody (2F3: Biolegend, San Diego, CA) and propidium iodide (PI) (Invitrogen, Thermo Fisher Scientific).
Brdu-incorporation and cell-cycle analysis
Bromodeoxyuridine (BrdU) incorporation analysis was performed as described previously [42] . In brief, cells were incubated for 1 hr with 20 μM BrdU (Sigma Aldrich), followed by ethanol fixation, pepsin digestion and DNA depurination/ denaturation by HCl treatment. BrdU incorporation was detected using anti-BrdU (BD Biosciences), and DNA content was assessed by TO-PRO®-3 staining (Thermo Fisher Scientific) and analyzed by flow-cytometry.
Quantitative RT-PCR
Levels of NOXA (PMAIP1) mRNA expression were determined by quantitative RT-PCR essentially as described previously [43] . For each cDNA preparation PCR reactions were performed at least in duplicate for each cDNA preparation, and for each condition at least three independent experiments were performed. Expression of target gene mRNA was normalized to the large ribosomal protein PO (RPLPO) housekeeping gene. The following primers were used: human NOXA-forward 5ʹ-GCTGGAAGTCGAGTGTGCTA -3ʹ, human NOXA-reverse 5ʹ-GGAGTCCCCTCAT GCAAGTT-3ʹ, human RPLPO-forward 5ʹ-GCTT CCTGGAGGGTGTCCGC-3ʹ, human RPLPOreverse 5ʹ-TCCGTCTCCACAGACAAGGCCA-3ʹ.
Retroviral transduction
Retroviral virus stocks for overexpression of human MCL1 were generated by transfection of the LZRS-hMCL1-IRES-GFP vector in PhoenixGalv cells. After 48 hours, viral supernatants were collected, filtered through a 0.45 μm filter and loaded onto retronectin (Takara Bio, Kusatsu, Japan) coated culture plates. BV173 and KCL22 cells were spinfected by 90ʹ centrifugation (2,000 rpm, 34ºC). After overnight incubation, virus was removed by washing and 3-5 days after transduction, GFP+ cells were sorted by flowcytometry activated cell sorting (FACS).
Statistical analyses
The Graphpad Prism 6 software package (La Jolla, CA) was used for statistical analysis. To determine additive, synergistic and antagonistic effects, Chou and Talalay's method implemented in the Compusyn software package was used [44] .
Results
MLN4924 effectively induces cell death in Ph+ leukemias
The cytotoxic effect of MLN4924 was determined by exposing a panel of 8 human Ph+ leukemia cell lines (BV173, SUPB15, KBM5, K562, NALM-1, MOLM-6, KCL22 and SD1) and one Ph-pre-B ALL cell line (P30-OHKUBO) to increasing concentrations of MLN4924 (ranging from 6.25 nM to 1.6 μM). The specific cell death was determined by 7-AAD staining and flow-cytometry. MLN4924 treatment effectively induced cell death in a dosedependent fashion, which was variable between the cell lines, with a median EC 50 (half maximal effective concentration) of 298 nM, which is well below the reported maximally achievable plasma concentration of MLN4924 [38] . The K562 cell line was the least sensitive (EC 50 > 1.6 μM), whereas SD1 and SUPB15 were the most sensitive cell lines (EC 50 88 nM and 124 nM, respectively) ( Figure 1(a) ). For comparison, the cell deathinducing effect of MLN4924 was also determined in 4 human MM cell lines (NCI-H929, ANBL-6, UM-3 and XG1), which with a median EC 50 of >1.6 μM were far less sensitive than the Ph+ leukemia cell lines (Figure 1(b) ). These results show that MLN4924 had cytotoxic effects in Ph+ leukemia cells at clinically relevant concentrations.
MLN4924 sensitizes Ph+ leukemia cells for ABL1 kinase inhibitors and hydroxyurea
The Ph+ leukemia cell lines SUPB15, SD1 and KCL22 were described to display marked resistance to imatinib, whereas the BV173 cell line was reported to be modestly sensitive to imatinib [45] . To assess whether MLN4924 treatment sensitized these cell lines to imatinib or to hydroxyurea (HU), which is used to lower leukemic blood count in CML and AML patients in the initial phase of therapy, in vitro combination drug sensitivity experiments were performed. Cells were exposed to increasing doses of imatinib (ranging from 2.5 μM to 20 μM) in combination with increasing doses of MLN4924 (25 nM to 200 nM), at a fixed ratio of 1:100 (MLN4924:imatinib), and the combination index (CI) was calculated according to Chou's method, allowing quantification of additive (CI = 1), synergistic (C < 1), and antagonistic (CI>1) effects [44] . Despite some variation between the cell lines, synergy (CI ranging from 0.2 to 0.7) was consistently observed for concentrations that induced ≥50% specific cell death, indicating that MLN4924 sensitized Ph+ leukemia to imatinib (Figure 2(a) ). The cell death-inducing effects of MLN4924 and imatinib were abrogated by the pan-caspase inhibitor Q-VD-OPh, showing that caspase-dependent cell death was induced by these drugs (Fig S1) . In addition, MLN4924 and imatinib also synergistically induced cell death of primary leukemia cells from an adult Ph+ B-ALL patient (Fig S2) . Similarly, MLN4924 treatment sensitized SUPB15 and BV173 cells to the third generation ABL TKI ponatinib, which was effective in inducing cell death at much lower concentrations (~100-to 1000-fold lower) (Figure 2(b) ).
Next, the combination of MLN4924 and HU was tested. BV173, SUPB15 and SD1 cells were treated with increasing doses of HU (25 μM to 200 μM) in combination with MLN4924 at a fixed ratio of 1:1000 (MLN4924:HU). As indicated by the CI values (ranging from 0.3 to 0.7), MLN4924 also sensitized Ph+ leukemia cells for HU (Figure 2(c) ). . Cells were treated for 3 days with the indicated concentrations of MLN4924, cell death was determined by 7-AAD staining and flow-cytometry, and specific cell death was calculated as indicated in the materials and methods section. Three independent experiments were performed and cultures were done in quadruplicate, means ± SEM are shown. EC 50 values were calculated by non-linear regression.
ABL T315I-mutant imatinib-resistant Ph+ leukemia cells are sensitive for MLN4924
KBM5 is an imatinib-sensitive Ph+ cell line from a CML-BC patient. The KBM5-T315I is an imatinib-resistant subclone of this cell line, harboring the ABL T315I mutation [46] . Both cell lines were exposed to increasing concentration of MLN4924 and imatinib (at a fixed ratio of 1:100). MLN4924 sensitized the parental KBM5 cells for imatinib, but not the imatinib-resistant KBM5-T315I cells, as expected (Figure 3(a) ). Importantly, we show that the KBM5-T315I was equally sensitive to MLN4924 as the parental KBM5 cells, indicating MLN4924 may also be useful for the treatment of imatinib-resistant Ph+ leukemias. MLN4924 sensitized both the parental KBM5 cells as well as the imatinib-resistant KBM5-T315I subline for ponatinib, as expected (Figure 3(b) ).
MLN4924 induces DNA damage in Ph+ leukemia cell lines
To assess the potential mechanism(s) responsible for cytotoxic effect of MLN4924 in Ph+ leukemia cells, and to understand the basis of sensitization for imatinib treatment, the expression and activation of signaling molecules previously shown to be affected by MLN4924 treatment were determined. We show that MLN4924 had no appreciable effect on NF-κB signaling in BV173 and SUPB15 cells. The nuclear levels of the NF-κB p65 subunit were slightly decreased by MLN4924 treatment, as well as the levels of ser32-phosphorylated IκBα (Fig  S3A) , which in contrast to our results, were previously shown to accumulate in MLN4924-treated DLBCL cells and also in CML cells harboring wild type BCR-ABL or T315I-BCR-ABL [33, 47] . STAT5 tyr694-phosphorylation was not affected by MLN4924, whereas it was abrogated by imatinib treatment, as expected (Fig S3B) , indicating that MLN4924 did not impede BCR-ABL signaling. In addition, MLN4924 treatment did not interfere with AKT/mTOR signaling in Ph+ leukemia cells, as judged by AKT ser473-phoshorylation, mTOR ser2448-phosphorylation, and by the lack of nuclear accumulation of the AKT/mTOR targets FOXO1 and FOXO3A ( Fig  S3C) . However, β-catenin and p27, which both are actively degraded by Nedd8-activated Skp1/ Cullin1/F-box (SCF) ubiquitin ligase complexes [48, 49] , accumulated in a dose dependent fashion in MLN4924-treated BV173 and SUPB15 cells (Figure 4(a) ). Also, MLN4924 treatment resulted in stabilization of the replication licensing factor CDT1, which is an established target of SCF complexes [50] (Fig S4) . These results confirm efficient inhibition of neddylation in Ph+ leukemia cells upon MLN4924 treatment. In addition, a dosedependent increase in CHK1 ser317 phosphorylation was observed suggesting that MLN4924-treated cells experienced genotoxic stress and activated ataxia-telangiectasia and rad3 related (ATR) -dependent checkpoint signaling. In agreement with these data, MLN4924-treatment of BV173 and SUPB15 cells resulted in increased nuclear γH2AX foci formation, which is an established marker of DNA damage (Figure 4(b) ). In addition, a pan-nuclear γH2AX staining pattern was frequently observed in MLN4924-treated cells, which most likely represents apoptotic cells [51] . Consistently, a greater fraction of cells with >10 γH2AX foci in the nucleus were found in the presence of the pan-caspase inhibitor QVD-OPh (Figure 4(c) ). Activation of p53 is associated with the induction of cell death in response to DNA damage [52] . However, the response to MLN4924
did not appear to be related to the p53 status of the cell lines used in this study ( Table SII) .
Activation of the intra S-phase cell-cycle checkpoint in MLN4924-treated Ph+ leukemia cells
It was reported that MLN4924 induced cell death in cancer cells by disturbing the cell-cycle and activation of the S-phase checkpoint [31] . In agreement, by BrdU-incorporation and DNA content analysis we found that MLN42924 treatment in BV173 and SUPB15 cells inhibited DNA synthesis and resulted in the accumulation of cells in early S-phase, which was exacerbated by co-treatment with imatinib ( Figure 5(a), Fig S5) . Interestingly, Q-VD-OPh treatment prevented the loss of replicating cells and alleviated the early S-phase blockade but did not completely restore the normal cellcycle distribution, as replicating cells accumulated in mid S-phase ( Figure 5(b) ). These data suggest that MLN4924-dependent activation of the intra S-phase checkpoint instigated caspase-dependent apoptosis, but did not prevent DNA damage (as shown in Figure 4b ,c) that perturbed the cell-cycle in a caspase-independent fashion. Activation of CHK1 kinase is required for checkpoint-mediated cell cycle arrest. Accordingly, we show that the CHK1 inhibitor AZD7762 had an additive effect in combination with MLN4924 (Fig S6) , suggesting that CHK1 and Nedd8-conjugation both function in the replication stress response in Ph+ leukemia cells.
In contrast to what was found in cell lines of epithelial origin and for B-CLL cells [31, 32, 50 ,53], we did not observe a dramatic increase in the proportion of cells having greater that tetraploid DNA content (>4N), despite accumulation of CDT1 (Fig S4) . We show by intranuclear staining for γH2AX and DNA content that cells in the late G1/early S-phase of the cell-cycle sustained DNA damage, and consistent with the synergistic effect of MLN4924 and imatinib on cell death, we found a similar synergistic effect of this combination on the induction of DNA damage ( Figure 5(c), Fig S4) .
Imatinib and MLN4924 induce cell death by altering the MCL1/NOXA balance in Ph+ leukemia cells DNA damage initiates apoptosis, in part through the induction of the pro-apoptotic BH3-only BCL2-family members PUMA and NOXA, which both antagonize the anti-apoptotic mitochondrial protein MCL1 [54, 55] . On the other hand, BCR-ABL signaling was shown to up-regulate MCL1, thereby contributing to enhanced survival of Ph+ leukemia cells by inhibition of apoptosis [56] . To understand the underlying mechanism of imatinib-and MLN4924-induced cell death we analyzed MCL1, PUMA and NOXA protein levels in BV173 and SUPB15 cells. MLN4924 treatment markedly increased NOXA levels in a dose-dependent fashion, whereas the MCL1 and PUMA levels remained largely unchanged or even modestly decreased (Figure 6(a) ). Also, NOXA mRNA expression was dose-dependently increased in MLN4924-treated BV173 cells, showing that mRNA transcriptional regulation was involved in the increased NOXA expression (Figure 6(b) ). In agreement with a previous report [56] , imatinib treatment led to the down-regulation of MCL1. Interestingly, combined treatment with MLN4924 and imatinib resulted in the up-regulation of NOXA and concomitant down-regulation of MCL1 (Figure 6(c) ), thus severely shifting the MCL1/NOXA balance, which may underlie the apoptotic effect of this drug combination. The expression of PUMA was down-regulated in these conditions, which appeared largely attributable to the imatinib treatment. Of note, BCL2 expression was not affected by MLN4924, imatinib, or the combination of both (data not shown).
To study the shift of the MCL1/NOXA balance in more detail we overexpressed MCL1 in BV173 and KCL22 cells by retroviral transduction. Overexpression was confirmed by immunoblotting ( Figure 6(d) ). The sensitivity for the combination of MLN4924 and imatinib, as well as for either drug alone, was diminished in MCL1-overexpressing cells, but, surprisingly, the synergistic effect of the combination was not abolished (Figure 6(e) ). To clarify this, we assessed the stability of MCL1 in MLN4294-treated MCL1-overexpressing BV173 cells. MLN4924 dosedependently reduced MCL1 expression to baseline level, similar to the level in empty vectortransduced (GFP) cells (Figure 6(d) ), explaining the modest impact on MLN4924-induced cell death and imatinib-sensitization. These data suggest that MLN4924 may activate or stabilize a negative regulator of MCL1, which remains to be characterized.
Discussion
The introduction of imatinib has dramatically improved the treatment outcome of Ph+ CML and B-ALL patients, but despite these positive results 10-30% of patients will not achieve an optimal or complete response due to toxicities and drugresistance [57] . Hence, there is an unmet clinical need for novel therapeutic modalities that prevent or circumvent TKI-related toxicities and resistance. We demonstrate here that the first-in-class Nedd8-activating enzyme inhibitor MLN4924 very efficiently induced cell death of Ph+ leukemia cells, surpassing the effect in MM cells, for which MLN4924 is currently under investigation in a phase I/II clinical trial [39] . In line with previous data [47] we showed that MLN4924 induced caspase-dependent apoptosis and was equally active in the imatinib-resistant KBM5-T315I subline as in the parental KBM5 cell line, indicating that MLN4924 may be of use for treatment of imatinib-resistant leukemias. Furthermore, we show that MLN4924 sensitized Ph+ cell lines that are characterized by a limited TKI sensitivity for both imatinib and the third generation ABL TKI ponatinib. Before initiation of TKI therapy and during diagnostic workup, CML patients are typically treated with hydroxyurea (HU) to acutely decrease white blood cells counts [58] . Interestingly, our results show that MLN4924 significantly improved the efficacy of HU treatment, suggesting that this combination might be useful for leukemia debulking regimens. Moreover, it was shown recently that MLN4924 is specifically effective in CML LICs since these have increased levels of NAE1 and single treatment with MLN4924 inhibited survival and self-renewal of these cells [47] . Therefore, we speculate that MLN4924 can be a valuable addition to the current treatment protocols for Ph+ leukemia patients and may significantly aid in not only achieving early and deep MR in these patients, but also eradicating the LICs and thereby reducing the risk of TKI resistance. Therefore, the present study should form the basis for further investigation into the clinical activity of MLN4924 for Ph+ leukemia patients. Treatment with MLN4924 resulted in DNA damage and the activation of the intra S-phase cellcycle checkpoint in Ph+ leukemia cells, in line with previous reports on the antitumor and radiosensitizing effects of this compound in other cancer cell types [32, 53, 59, 60] . In agreement, other investigators have shown that Nedd8 is involved in the DNA damage response in multiple ways; it accumulates at the sites of DNA damage by polyneddylation of histone H4, where it plays a role in the recruitment of RNF168, which in turn is important for the recruitment of the DNA repair factors 53BP1 and BRCA1 [61] . In addition, Nedd8-conjugation was shown to be important for proper resolution of non-homologous end-joining (NHEJ) by promoting the ubiquitination and release of the KU70/KU80 from sites of DNA damage [62] . Our data suggest that inhibition of Nedd8-conjugation causes replication stress in Ph+ leukemia cells, which is exacerbated by imatinib co-treatment, but in contrast to several other studies [31, 32, 50, 53] , we found that the cytotoxicity of MLN4924 was not due to DNA re-replication. The mechanistic basis for increased replication stress by MLN4924 and imatinib treatment is currently unknown, but may be related to the effect of ABL TKI on global protein neddylation. Immunoblotting experiments using an antibody that detects endogenous levels of free and proteinconjugated Nedd8 showed that treatment of Ph+ cell lines with imatinib or ponatinib resulted in increased protein neddylation. Whereas the levels of neddylated cullin dropped below basal levels in cells treated with the combination of ABL TKIs and MLN4924. These data suggest that ABL TKI treatment may potentiate the inhibitory effect of MLN4924 on NAE1 and global protein neddylation (Fig S7) .
Additionally, the enhanced and prolonged intra S-phase checkpoint induced by BCR-ABL1 activity [63] . We speculate that abrogation of this protective mechanism by imatinib renders cells more vulnerable to the replication stress-inducing effect of MLN4924. Enhanced replication stress also explains the synergy between MLN4924 and HU that instigates replication stress by depleting the intracellular nucleotide pool. It was shown that the Cullin-4 E3 ubiquitin ligase activity, which is activated by nedd8-conjugation, is required for the efficient processing of histone mRNA 3ʹ ends, ensuring proper histone supply [64] . It is conceivable that MLN4924 may provoke replication stress by interfering with the expression of histone proteins in Ph+ leukemia cells. We observed robust CHK1 phosphorylation upon MLN4924 treatment. The activity of CHK1 is essential to preserve genomic integrity, and inhibition of CHK1 was shown to cause accumulation of DNA damage by deregulating DNA synthesis resulting in CHK1 phosphorylation [65] . We show that the CHK1 kinase inhibitor AZD7762 had an almost perfect additive effect in combination with MLN4924 (Fig S3) , suggesting that CHK1 and Nedd8-conjugation act in the same pathway that prevents replication stress in Ph+ leukemia cells. These findings are in good agreement with a recent study in which it was shown that MLN4924 induces DNA damage as reflected by accumulation of CDT1, γH2AX and phospho-Chk2 [47] .
Our results indicate that MLN4924-and imatinib-induced DNA damage and replication stress triggered apoptosis by altering the MCL1/NOXA balance. In other cancer cell types it was also found that MLN4924 increased NOXA protein and mRNA expression [35, 47] . Of note, the induction of NOXA was also observed in p53 mutant cell lines (KCL22 and K562, data not shown), indicating its p53 independence. These data are in contrast with a recent study in which it has been shown MLN4924 did not affect the cell viability of p53-null CML cells unless the expression of p53 was ectopically restored [47] .
A potential candidate for driving NOXA expression is C-MYC, which was previously shown to be responsible for bortezomib-induced NOXA expression in cancer cells by transactivating the NOXA/PMAIP1 promoter [66] . Consistent with these findings, by chromatin-immunoprecipitation (ChIP) we show that C-MYC was significantly enriched at the NOXA/PMAIP1 promoter in imatinib and MLN4924-treated BV173 cells (Fig S4) . In addition, it was recently shown that C-MYC knockdown diminished the induction of NOXA in MLN4924-treated AML cells [35] . We show that imatinib treatment diminished MCL1 expression, in agreement with an earlier study [47, 56] . The combination of imatinib and MLN4924 can thus be considered as particularly toxic for Ph+ leukemia cells, as it induces NOXA expression while lowering the expression of MCL1, explaining its sensitizing effect. Moreover, we show that ectopically overexpressed MCL1 is down-regulated to basal levels upon MLN4924 treatment, which potentially cuts short resistance mechanisms that involve increased MCL1 expression. Lastly, ABL TKI treatment potentiated the effect of MLN4924 on NAE1, as shown by Nedd8 immunoblot analysis (Fig S5) . Based on this result we hypothesize that increased protein neddylation upon ABL TKI treatment may reflect a salvage pathway, possibly linked to the cell-cycle and cell death-inducing effects of ABL TKIs on Ph+ leukemia cells, but this requires further study. In summary, we show that MLN4924 has promising activity against Ph+ leukemia cells, and these preclinical findings strongly support further clinical investigation of the combination therapy of MLN4924 and imatinib in Ph+ leukemia patients.
